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Understanding the changes in our climate has been amagjor issue for the past
decade. 1ssues dedling with the effects of globa warming, which resultsfrom
greenhouse gases has lead the way to vast research. Now, researchers have redlized that
it'snot only the greenhouse gases, which affect our climate but aerosolsaswell. The
point of this paper is to understand and demonstrate the need for continued research in
the field of atmospheric aerosols and their indirect effect on the climate.

Some clarification needs to be made on the differences between direct and
indirect effects of aerosols on climate. Firg of dl, aamospheric aerosols affect the Earth’s
radiative balance directly by scattering or absorbing of light (i.e. direct effect). Indirect
effects of atmogpheric aerosolsimplies that the aerosols serve as cloud condensation
nucle (CCN), thereby influencing the dbedo and lifetime of clouds. This paper deals
with the latter of the two effects.

How do aerosols affect the climate indirectly? Many studies have demondtrated
various answers to this question. There has been a subgtantid increase in anthropogenic
emissions over the past century, as demondrated in figure 1.
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FIGURE 1.1 Estimated Northern Hemisphere and regional anthropogenic sulfur

emissions over the past century. SOURCE: Dignon and Hameed (1989); Dignon
and Gene (1995). )
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This increase in anthropogenic emissions (i.e. higher concentration of aerosols put into
the atmosphere) affects the amosphere indirectly leading to changesin climate. By
increasing the concentration of aerosols into the atmosphere, the number concentration of
cloud droplets may increase. Thisincreasein cloud droplet concentration enhances
scattering of light within the clouds and leads to an increase in the optica depth of the
cloud. It has aso been noted that the areal extent of the cloud may dso increase (eg.
larger droplet numbersyielding smadler droplets, dower coaescence, and thus longer
droplet lifetimes, or organic material sowing the rate of evaporation of droplets)®. This
is the essence of the indirect effects of clouds on dimate® So, the obvious key isto
measure the number concentration of cloud condensation nuclel to get a picture of the
influences on the number concentration of cloud droplets. Cloud condensation nuclei are
particles that will activate to form cloud droplets at a given supersaturation of water.
Other meteorologica influences such as precipitation might occur as a result of
perturbations in the number and concentrations of aerosols, however such effects have
yet to be assessed qudlitatively.

Taking alook a maritime air masses vs. continenta air masses. It has been well
documented through various studies that the CCN concentrations are much grester in
continenta air masses than in maritime ar masses. The understanding hereis rather
ample. Maritime air masses are rardly under the influence of anthropogenic emissions

and rarely exceed 100 crm®, whereas in well aged continental air masses, the velue

! Panel on Aerosol Radiative Forcing and Climate Change, Board of Atmospheric Sciences and Climate,
Commission on Geosciences, Environment, and Resources, National Research Council, A Plan For a
Research Program: Aerosol Radiative Forcing and Climate Change, National Academy Press, 1996, p. 12.
2 Seinfeld, John H. and Pandis, Spyros N., Atmospheric, chemistry, and physics: From Air Pollution to
Climate Change, John Wiley & Sons, 1998, p. 1170



generally exceeds 1000 cmi®.*  Severa studies have been done which support the
satement that anthropogenic emissons are greeter in continenta air masses than that of
maritime air masses. Twomey et d, 1978, conducted measurements of CCN and
concluded that after relatively clean air (CCN as low as 50 cmi®) increased to 4500 crm®
after thisair passed over an industria areain southeast Audtrdia. Radke and Hobbs,
1976, measured CCN concentration values of 1000 to 3500 cni® in air advecting off the
eastern seaboard of the United States. Hudson, 1991, conducted CCN measurements
aong the west coast of the United States and revealed measurements of 20 to 40 cm for
marine air, 100 to 200 cmi® in non-urban inland areas in Oregon, and 3000 to 5000 cni®
in urban areasin the vicinity of Santa Cruz, CA.> Clearly, continental clouds have
greater cloud droplet number concentrations than do marine clouds. High cloud droplet

number concentrations have been linked closdly to industria sources (figure 2).
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Numerous studies have demondtrated this. Warner and Twomey, 1967, the number
concentration of aerosols in clouds downwind of sugarcane fires averaged 510 cm® as
compared to upwind measurements of 104 cm®. Fitzgerald and Spyers Duran, 1973,
observed the same downwind effectsin St. Louis, MO as Warner and Twomey did in
1967. Alkezweeny et d., 1993, studied upwind and downwind cloud droplet Sze
digtribution for Denver, CO. Droplet size digtribution of downwind air shifted to smdler
droplet diameters than that of the upwind airs (14 micrometers versus 28 micrometers).
The volume median droplet concentration increased from 22 cmi® to 226 cmi®. Hudson
and Li, 1995, found significantly larger droplet concentrations and smaler mean drop
diametersin polluted clouds as compared to non+polluted clouds. Drizzle aso appeared
to be suppressed in the polluted clouds. Saxena et d., 1996 measured cloud droplet
number concentrations and ionic compostion of cloud water a Mount St. Mitchell, North
Caralina. In generd, more acidic clouds were found to have smdler effective radii of
droplets but larger cloud droplet number concentrations, indicated thet the sulfur content
of air massesiis capable of changing the microphysical characteristics of clouds®

Ship tracks have aso been studied thoroughly because aerosols emitted or formed
from the exhaust of shipsform linear features of high cloud reflectivity embedded into

marine stratus clouds.”  Figure 3 illustrates this festure
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Fig. 3

Figure4 isjus adasscilludration of what ship tracks ook like utilizing satdllite
imagery. Numerous studies have been conducted on how ship tracks form. Radkeet d.,
1989, King et a., 1993, and Johnson et ., 1996, concluded from aircraft observations,
aerosols emitted or formed from the ships exhaust increased droplet concentrations and
decreased drop sizes in the ship tracks themselves as compared with the adjacent,
unperturbed regions of the clouds® Figure 5 isagrest illustration of ship tracks and

showing the relation to cloud droplet number concentrations and particle diameter.
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Fig.5

Probably, one of the most important aerosols to track, is the emission of sulfate
aerosolsinto the atmosphere. Theindirect effects of aerosols on climate are, illustrated
by processes that link SO, emissonsto an increasein dbedo. Sulfur dioxide is oxidized
in the gas and agueous phases to aerosol sulfate® Although increasesin sulfur dioxide
emissions can be expected to lead to an increase in the mass of sulfate aerosol, the
relationship between an increased mass of aerosol and corresponding changesin the
number concentrations of aerosolsis not well established.®® The aerosol number

concentration is closely linked to the cloud drop number concentration. The mass of
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aeros0l is created by the gas-to particle conversion and occurs by growth of existing
particles or the nucleation of fresh particles. The route that predominates determines the
aerosol number concentration. From growth of existing particles leads to fewer larger
particles, while nucleation of fresh particlesleads to many smdler particles. Obvioudy,
the particle lifetime is dependent on the Sze of the particle. The smdler particles have
much shorter lifetimes due to the coagulation and scavenging processes, which occur in
clouds™ Precipitation in cloudsis formed by and dependent on the cloud drop size
digtribution. Precipitation is accelerated, for agiven liquid water content, with fewer
larger drops than with a greater number of smaller drops. One possible effect of reduced
cloud droplet Szeis an increase in the cloud lifetime resulting from a decrease tendency
for precipitation.*? The chain of events described above from anthropogenic emission of
sulfate leads to cloud abedo changes. Figure 6 illudtrates the volcanic and industrid

emisson of sulfate into the atmosphere and it’s effect directly and indirectly on climate.
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Figure 7 isan illugtration of how the amount of sulfur in the amosphere hasincreased in

the atmosphere over the last century.

Now that we have covered past studies and the results of those studies which

loosdly explain the indirect effects of aerosols on climate. What is being donein the

present to get to the bottom of how aerosols effect the climate? Many projects are being

funded to research thisarea. Here are afew:

1.

ACE-Asa (Adan Pacific Regional Aerosol Characterization Experiment): The
effects of clouds on aerosol properties and the effects of aerosols on cloud properties
(indirect aerosol effect) will be quantified in focused intensive experiments.

INDOEX (Indian Ocean Experiment): The god of this project isto document the
chemica and physicd properties of natural and human produced atmospheric
aerosols and use these observations to study and model the complex interactions
among atmospheric agrosols, clouds, and climate.

ACE-I (Aerosol Characterization Experiment 1): The god is provide dataon: the
chemica composition, Sze distribution, and radiative and cloud nucleating properties
of aerosols in the marine aimosphere, the amount of biogenic sulfur (DMS) released
from the ocean to the atmosphere, the rates and efficiencies of sulfur gas oxidation in
the marine atmosphere, and the rates and efficiencies of the processes controlling the
formation, growth, digtribution, and remova of particles in the marine atmosphere.

In conclusion, the indirect effects of aerosols on climate are just as important if not

more important than the direct effectsin contributing to rediative forcing. The aerosols

that are put into the atmosphere by humans and some naturaly needs to be monitored

closdly. How dradticdly this effect will mean on our dimateis till unanswvered.

Research programs, especialy ACE, need to continue to help answer this question.

Modeling of this problem is especidly tough but through our persistence, we can control

emissions and make modds, which will change our thinking into making this planet a

safe living environment for many yearsto come.
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